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ABSTRACT 
Our walking patterns must be adjusted continuously in everyday living, whether 
for maneuvering on slippery surfaces or stepping over cracks on the street. 
Walking becomes more challenging as it requires more energy to lift and 
accelerate the body due to additional loads on the body as we move through 
space. This dissertation investigates gait, stability, and adaptation in adults with 
range of adiposity. First, we studied how people with obesity adapt to spatial 
(obstacle crossing) and temporal (metronome walking) task constraints during 
walking over-ground. Results indicated that people prioritized a spatial over 
temporal constraint when attempting to meet both constraints at the same time. 
Second, we tested how massive weight loss affects gait and stability. We 
measured how bariatric surgery patients walked and crossed obstacles before 
and one year after surgery. Findings indicated that massive weight loss improved 
not only gait but also postural stability during gait. Third, we quantified whole-
body rotational characteristics in adults with obesity through changes in angular 
momentum quantities during steady-state walking. I found that angular 
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momentum (1) was greater in adults with higher BMI, (2) was highly regulated by 
foot placement, and (3) did not change with walking speed.  Taken together 
these results suggest that gait and stability can be adapted. These findings may 
help to develop interventions to target specific walking deficits in patients with 
mobility limitations such as obesity.  
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Obesity is a public health epidemic. Physical activity has been 
recommended to reduce excessive body weight and prevent body weight regain. 
Locomotor activity, walking in particular, is the most popular form of physical 
activity for weight management, but it requires modifying stepping patterns based 
on environmental constraints. For example, when we walk on the street and find 
some cracks in the road, we would change our stepping patterns to step over it to 
avoid tripping over it. In this case, even healthy adults may have trouble adapting 
to unexpected external constraints, as we all have this kind of experience. 
On the other hand, some people may have constraints due to body size. 
For example, individuals with obesity generally walk with slower speed, and 
shorter and wider steps compared to non-obese individuals1,2. The central idea is 
that abdominal fat and larger and heavier bodies may restrict movement, leading 
to postural instability. One major contributor to postural instability in individuals 
with obesity includes greater mediolateral (ML) sway. Such an increase in ML 
center of mass (COM) sway may result in poor regulation of the body’s COM 
movement, which is associated with a greater risk of falling while walking. 
Despite the need for research on this population, addressing walking 
characteristics in obese individuals is challenging for two reasons. 
First, the effect of obesity on balance during bipedal gait is not well 
understood. Although it is well-known that obesity is associated with reduced 
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muscular strength, impaired postural control, and altered limb mechanics during 
walking2, it is unclear whether these effects are the consequence of a greater 
body mass, physical inactivity, altered limb anthropometry, or musculoskeletal, 
neurological, and metabolic problems arising from adiposity. Although high levels 
of body fat may result in increased loading of the musculoskeletal system and 
potentially lead to pain, injury, and reductions in mobility, there is minimal 
empirical evidence to support this claim. 
  Second, a challenge lies in accurately comparing kinematic variables due 
to the large variability in anatomical marker placement. Marker placement often 
used for lean individuals can be challenging to find on individuals with obesity 
due to excessive body fat. Current body segment parameters (BSP) data, 
estimated based on a limited number of dissected male and female cadavers, 
cannot be regarded as representative BSP for individuals with obesity because of 
the wide range of differences in body mass and distribution. 
An understanding of how obesity affects the biomechanics of walking can 
not only provide important insights into the relationship between obesity, gait 
stability and adaptation, and fall risks, and also be used to guide regular physical 
activity for adults with obesity seeking weight management guidance. Thus, 
quantifying walking characteristics in individuals with obesity is necessary to 
advance basic science as well as develop effective physical activity 




Throughout my PhD work, I examined biomechanical mechanisms 
responsible for gait instability in the presence of body and task constraints. I used 
a variety of methods to quantify how adults modify their gait and stability to meet 
body and task constraints, including a pressure-sensitive gait carpet, three-
dimensional motion capture system, force-instrumented split-belt treadmill, and 
digital foot pressure mat. Current research on obesity focuses on describing 
differences in movements. But my dissertation studies focus more on 
mechanistic explanations for limits in the ability to stabilize walking and adapt to 
changes during walking in individuals with obesity. Advances in the knowledge 
and understanding of the biomechanical mechanism that underlie postural 
instability in indivudals with obesity are essential for creating effective 
interventions that improve postural stability and minimize fall risks in this 
population. 
 
SCOPE OF THIS DISSERTATION 
           In Study 1, we asked if healthy adults’ strategies in adapting to spatial and 
temporal constraints were similar and if they would prioritize one constraint over 
the other when completing both at the same time. Across three tasks, we 
investigated how adults altered their walking to cope with crossing obstacles 
(Task 1; N = 30), walking to a metronome beat (Task 2; N = 32), and crossing 
obstacles while walking to a metronome beat (Task 3; N = 30). The results 
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showed separate walking strategies in adapting to spatial and temporal 
constraints. It may be that the presence of more than one constraint leads to 
prioritizing one over the other. The findings highlight that strategies for meeting 
constraints are dependent upon the type and number of constraints presented.3 
           In Study 2, we examined how massive weight loss after Roux-en-Y 
bariatric surgery affects changes in center of pressure (COP) velocities during 
flat ground walking and obstacle crossing. Before and one-year after bariatric 
surgery, nineteen female adults walked under four conditions: baseline walking 
on flat ground and obstacle crossing with three different obstacle heights. 
Massive weight loss not only improved gait but also facilitated effective balance 
control strategies. Examining how massive weight loss affects changes in COP 
velocities may help create methods to understand better why individuals with 
obesity have atypical gait with poor balance and how we can facilitate 
participation in physical activities.4 
In Study 3, we quantified the whole-body rotational characteristics in 
adults with obesity through changes in angular momentum during steady-state 
walking. Thirty-nine young adults with three different BMI classifications, who 
have no medical issues, walked on a split-belt treadmill at their preferred walking 
speed and standard walking speed (i.e., 1.25 m/s) for 2 minutes each. Whole-
body angular momentum was calculated by the integration of the net external 
moment about the center of mass, which is a function of the ground reaction 
forces and moments, and foot placement. The results showed that the ranges of 
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frontal- and transverse-plane angular momentum were greater in adults with 
higher BMI at both walking speeds. Whole-body angular momentum in BMI 
groups did not change with speed. This suggests that the angular momentum 




STUDY 1: Changes in motor actions in the face of varying task constraints 
 
ABSTRACT 
Walking is an everyday activity that requires modifying patterns based on 
constraints posed by the environment. Meeting multiple constraints at once 
increases the challenge of modifying motor actions. Across three tasks, we 
investigated how healthy young adults altered their walking patterns to cope with 
a spatial constraint: crossing obstacles (Task 1; N=30), a temporal constraint: 
walking to a metronome beat (Task 2; N=32), and both a spatial and temporal 
constraint: crossing obstacles while walking to a metronome beat (Task 3; N=30). 
We investigated whether adults’ strategies in adapting to spatial and temporal 
constraints were similar and whether they would prioritize one constraint over the 
other when completing both constraints. Our results showed that adults 
recalibrated to their baseline gait by the end of each study, but showed carryover 
effects after meeting a temporal constraint (all ps>.05). We found an effect on the 
magnitude of deviation from metronome paces (F(2,62)=58.86, p<.01). At the 
slow pace, participants stepped sooner than the beat, and at the fast pace they 
stepped later than the beat (all ps<.01). Adults altered the kinematics of their 
walking in response to a spatial constraint, but changed both the kinematics and 
kinetics of their walking patterns to meet temporal and combined spatial and 
temporal constraints. When attempting to meet both a spatial and temporal 
constraint simultaneously, they stepped sooner than the beat at all metronome 
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paces (all ps<.01). These findings highlight that strategies for meeting 





Skilled motor actions require adapting to change to cope with multiple 
sources of variability.5 One source of variability is the environment, which creates 
constraints. For instance, the ground is not usually flat and uniform. Surfaces are 
rife with obstacles or slopes. Under such conditions, adults have walked more 
slowly when approaching high versus low obstacles6 and taken shorter steps to 
descend steep slopes.7 Even healthy individuals reduced their cadence by 
keeping their step length constant when walking on an uneven surface.8 Rote 
motor actions are suited to unchanging environments, but result in poor 
outcomes under task constraints.9  
 Adapting to change becomes even more complex when more than one 
constraint needs to be met simultaneously. Often, task constraints do not appear 
in isolation. Difficulty with meeting the goals of more than one task constraint can 
result in sacrificing one constraint for another. Dual task constraints pose an 
increased challenge to adapting motor actions, and therefore, increase safety 
risks.10 Studies on dual tasking have presented a motor component along with a 
cognitive task with a focus on imposing cognitive load during an ongoing motor 
task.11 We know less about how individuals match their physical capabilities12 to 
constraints13,14 and adapt their actions to meet two motor constraints at once.  
Across three different tasks, we examined the ways in which adults 
modified their walking patterns to cope with task constraints that were spatial 
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(crossing obstacles), temporal (walking to an audio metronome), and both spatial 
and temporal (crossing obstacles as they walked to an audio metronome). We 
investigated whether adults’ strategies in adapting to spatial and temporal 
constraints were similar and whether they would prioritize one constraint over the 




A total of 92 college-aged students participated for Task 1 (n=30), Task 2 
(n=32), and Task 3 (n=30); Tables 1A–C. Participants were recruited from 
Boston University and tested in the Motor Development Laboratory at Boston 
University. Inclusion criteria were having a normal BMI (19–25 kg/m2), being able 
to walk independently, having no significant cardiovascular, musculoskeletal, 
vestibular, or other neurologic disorders. These criteria were confirmed via 
participant reports and experimenters’ observations. 
The study was approved by the Boston University Institutional Review 
Board and conformed to the Declaration of Helsinki. Informed written and verbal 
consent were obtained before testing began. 
Equipment 
Participants completed a series of three tasks that were each 30 minutes 
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long: obstacle crossing (Task 1), walking to an audio metronome beat (Task 2), 
and crossing obstacles while walking to an audio metronome beat (Task 3). For 
Task 1, participants’ gait parameters were obtained using GAITRite Electronic 
Walkway (GAITRite Inc., Clifton, New Jersey, USA). The pressure-sensitive gait 
carpet (5.25 m long × 0.88 m wide) measured the distance (x and y coordinates) 
and timing of each footfall at a spatial resolution of 1.27 cm and a sampling 
frequency of 120 Hz. Obstacles were made of a wooden dowel (81 m long and 2 
cm in diameter) inserted into two wooden towers (25 cm high). Obstacle heights 
were changed by moving the dowel to one of three holes located in the towers. 
Each hole was positioned at 4 cm, 8 cm, and 16 cm to create low, medium, and 
high obstacles respectively. For Task 2, participants walked on a 6.10 m long × 
0.89 m wide pressure-sensitive gait carpet (Protokinetics, LLC; Peekskill, NY, 
USA). The walkway uses an x-y coordinate system to acquire spatial and 
temporal gait parameters at a sampling frequency of 120 Hz with a spatial 
resolution of 1.27 cm and a temporal resolution accuracy of 1 sample. The 
Protokinetics mat has an internal metronome with a range starting at 40 beats 
per minute (BPM) and ending at 208 BPM with an output signal that 
synchronized the gait data and metronome. For Task 3, as in Task 2, trials were 
run on a 6.10 m long × 0.89 m wide pressure-sensitive gait carpet (Protokinetics, 
LLC; Peekskill, NY, USA). Obstacles were created using the same equipment 
described in Task 1 and metronome beats were played using the same 
equipment as in Task 2. 
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Task 1. Participants completed two walking conditions: walking on flat ground 
and crossing obstacles of different heights for a total of 50 trials. All participants 
walked barefoot at a self-selected pace. They began trials standing at the edge 
of the carpet, and ended trials a few steps after walking off of the carpet. Trials 
began and ended walking with verbal prompts from the experimenter (i.e. “Go” 
and “Stop”). There were five walking conditions: initial baseline, low, medium, 
and high obstacles, and final baseline. During the initial and final baselines, 
participants walked along the path with no obstacles. For the obstacle trials, 
participants stepped over obstacles in the middle of the path and walked to the 
end of the walkway ten times. Obstacle heights were counterbalanced but were 
blocked by height. At the end, they walked on flat ground for ten trials at their 
own pace.  
Task 2. Participants were instructed to walk to a metronome beat by making their 
heels contact the ground when the beat played for 56 trials. All participants 
walked barefoot, began trials standing at the edge of the carpet, and ended trials 
a few steps after walking off of the carpet. They began with the experimenter’s 
verbal signal “Go” and ended walking upon hearing “Stop”.  Participants 
performed ten trials in five walking conditions: three at an imposed pace with 
three different metronome beats (slow, normal, and fast) and two at a self-
selected pace without a metronome beat (initial and final baselines). Two 
intermediate baseline trials without the metronome beat were interspersed 
between normal, fast, and slow beats, respectively. Sessions began with the 
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initial baseline in which they walked at a self-selected pace without a metronome 
beat. For each participant, we averaged the cadence from their ten initial 
baseline trials to calculate the “normal” pace. Then participants walked at three 
different metronome conditions: normal, slow (25% slower than the normal pace), 
and fast (25% faster than the normal pace) with two intermediate baseline trials 
after each pace. The metronome paces were counterbalanced and all of the 
metronome trials were blocked. Finally, at the last baseline condition, participants 
walked for ten trials at a self-selected pace. 
Task 3. Participants crossed obstacles to the beat of an audio metronome. There 
were eleven conditions: the initial baseline, a slow beat with low, medium, and 
high obstacles, a normal beat with low, medium, and high obstacles, a fast beat 
with low, medium, and high obstacles, and the final baseline. All participants 
began with an initial baseline condition walking at a self-selected pace with no 
metronome or obstacles for ten trials. Participants’ normal pace was calculated 
by averaging their cadence from the ten initial baseline trials. This cadence was 
then used to create individualized slow and fast metronome paces for each 
participant. Slow and fast paces were 15% lower and higher than the normal 
metronome pace. Next, participants crossed three different obstacle heights: low 
(4 cm), medium (8 cm), and high (16 cm) at normal (average pace calculated 
from their first ten trials), slow (15% slower than their normal pace), and fast 
(15% faster than their normal pace) paces. All participants completed each for 
five trials. At the end, participants walked on flat ground for ten trials at their own 
 
13 
pace. All participants were assigned to one of six randomized orders for 
metronome paces: slow-normal-fast, slow-fast-normal, normal-slow-fast, normal-
fast-slow, fast-slow-normal, and fast-normal-slow. Obstacle heights were 
counterbalanced. All trials were blocked by both metronome pace and obstacle 
height.  
Data Processing 
Task 1. The dependent variables were maximal center of pressure (COP) 
velocity (how quickly maximum areas of pressure exerted beneath each foot 
moved during walking) during the double limb support phase, cadence (steps per 
minute), step length (distance between consecutive steps), step width (lateral 
distance between feet), and double limb support time (time spent balancing on 
both feet). COP velocity was calculated for each leg. For all conditions, average 
values for all trials were recorded for each of the parameters. A custom software 
written in MATLAB (R2015a, MathWorks, Natick, MA, USA) was used to process 
the COP data.  
Task 2. Dependent variables were the same as in Task 1. Data were obtained 
from the raw pressure data extracted from the ProtoKinetics Movement Analysis 
Software (PKMAS) version 5.07C7. A custom software written in MATLAB 
(MathWorks, R2015a, Natick, MA, USA) was used to process the data.  
Task 3. Our dependent variables were the same as in Tasks 1 and 2. Data 




Statistical analysis was performed using SPSS (Version 20.0 for Windows, 
SPSS Inc., Chicago, IL, USA). The mean and standard deviation scores of the 
dependent variables were computed for each trial and condition. The ratio of 
standard deviation to mean, the Coefficient of Variation (CV), was used as a 
measure of variability. The CVs were multiplied by 100 to be represented as 
percentages. During the initial and final baselines, relationships between the 
dependent variables were characterized with Pearson’s correlations and were 
compared with paired t-tests. Significance was set at ' < 0.05. Post hoc analyses 
consisted of pairwise comparisons and were subjected to Bonferroni corrections. 
Task 1. One-way repeated measure (RM) ANOVAs with one independent 
variable, obstacle height (low, medium, and high), were conducted to examine 
differences in the dependent variables.   
Task 2. One-way RM ANOVAs with one independent variable (slow, normal, and 
fast metronome beat), were carried out on each dependent variable. RM 
ANOVAs were also conducted on three additional variables: the ability to meet 
the metronome paces, magnitude of deviation from the metronome paces, and 
carryover effects. We measured the ability to meet the metronome pace with a 
measure called the metronome index: the difference between participants’ heel 
contact and the time at which the metronome beat played. Metronome index 
scores could be zero (perfectly meeting the beat), positive (walking faster than the 
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beat) or negative (walking more slowly than the beat). How much participants 
deviated from the metronome beat was measured by taking the absolute value of 
the metronome index score: magnitude of deviation. Carryover effects were 
examined by comparing dependent variables during the two intermediate baseline 
trials to the initial baseline trials.  
Task 3. Separate three-way RM analysis of variance (ANOVA)s (3 metronome × 
3 obstacle × 2 trailing or leading steps) were run on the dependent variables. The 
Pearson correlation coefficient was used to examine correlation between 
obstacle crossing performances.  
 
RESULTS 
Task 1: Obstacle crossing 
Between the initial and final baselines, there were no differences in any of 
the dependent variables (Table 2A). There was a main effect for obstacle on 
cadence (F(2,58)=42.47, p<.01). Participants’ cadences were greater at the low 
compared to the medium and high obstacles (Table 2B). There were main effects 
of obstacle height on both step length (F(2,58)=23.01, p<.01) and step width 
(F(2,58)=4.28, p<.05). Participants increased their step length (p<.01) and step 
width (p<.05) as the obstacle height increased (Table 2B). There was no main 
effect of obstacle height on double limb support time (p>.05) and no effects of 
obstacle on the maximal velocities of the COP (ps>.05, respectively).  
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Task 2: Walking to an audio metronome 
Between the initial and final baselines, there were no differences in the 
dependent variables (Table 3A). However, participants demonstrated carryover 
effects at the intermediate baseline conditions. At the first trial for the 
intermediate baseline, participants walked more slowly after the slow pace and 
faster after the fast pace.  As the metronome pace increased, COP velocity 
decreased for the stance leg and increased for the swing leg. 
There was a main effect for metronome beats on cadence 
(F(2,62)=1704.48, p<.01). Participants’ cadence was greater at the fast than at 
the normal and slow metronome paces (Table 3B). There was a main effect for 
double-limb support time (F(2,62)=54.14, p<.01). Double limb support time 
decreased as the metronome pace increased. There were main effects for step 
length and step width (F(2,62)=34.48, p<.01, F(2,62)=32.817, p<.01, 
respectively). Participants increased their step length and step width as the 
metronome pace increased (all ps<.01).  
 We found an effect on the magnitude of deviation from the pace 
(F(2,62)=58.86, p<.01). As the metronome pace changed, participants deviated 
more from the pace (Figure 1). At the slow pace, participants stepped sooner 
than the beat, and at the fast pace they stepped later than the beat (all ps<.01).  
For both feet, there were significant effects on the maximal velocities of 
the COP during double limb support (F(2,62)=96.66, p<.01, F(2,62)=39.01, 
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p<.01, respectively). Participants demonstrated increased COP velocity for the 
swing leg but decreased COP velocity for the stance leg as the metronome pace 
increased. They also showed increased variability via CV of the COP velocity 
with the swing leg (F(2,62)=10.78, p<.01), while no variability existed in the 
stance leg (Figure 1 C-2, F(2,62)=0.73, p=.49). At the slow and fast pace, 
compared to the normal pace, participants showed more variability of COP 
velocity with the swing leg (all ps<.01). 
Task 3: Crossing obstacles while walking to an audio metronome  
Between the initial and final baselines, there were no differences in 
cadence, step length, step width, double limb support time (Table 4A), COP 
velocity, and its CVs (all ps>.05). 
There were main effects of both auditory metronome and obstacle on 
cadence (Tables 4B–C). Participants’ cadences were higher at the fast versus 
the slow metronome pace. Cadence was lower at the high versus the low 
obstacle height. There was a main effect of the metronome on step length; step 
length increased as the metronome pace increased (all ps<.01). There were no 
main effects of obstacle on both step length and step width (all ps>.05). 
Participants decreased double limb support time as the metronome pace and the 
obstacle height increased (all ps<.01). 
 We found significant effects for how much participants’ steps deviated 
from the metronome while crossing obstacles to the beat; they stepped sooner 
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than the beat at all metronome paces (all ps<.01). There was also a main effect 
for trailing/leading steps on the magnitude of deviation from the metronome pace 
during obstacle crossing; as the metronome pace increased, steps taken with the 
leading leg deviated less from the metronome than the trailing leg (all ps<.01).  
For the leading leg, there were main effects of both metronome and 
obstacle on the maximal velocities of the COP during initial double limb support 
(Figure 2, all ps< .05). Participants increased their COP velocity for the leading 
(swing) leg as the obstacle height and metronome pace increased (all ps<.01). 
However, the COP velocity for the trailing (stance) leg remained the same (all 
ps>.05). There were main effects of the metronome on the CVs of COP velocity 
for only trailing leg. As the metronome pace increased, participants showed more 
variability of COP velocity (Figure 2, all ps<.05). However, there were main 
effects of the obstacle on the CVs of COP velocity for both trailing and leading 
leg (Figure 2, all ps<.05). As the metronome pace and obstacle height increased, 
participants showed more variability of COP velocity during double limb support. 
 
DISCUSSION 
We aimed to examine how adults adapted their walking to meet task 
constraints that were spatial (Task 1), temporal (Task 2), and both spatial and 
temporal (Task 3). Participants recalibrated to their baseline walking patterns by 
the end of each task, but demonstrated carryover effects after walking to the 
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metronome paces.  
Across all three tasks, adults recalibrated to their normal walking by the 
end of the session; there were no differences in gait from the initial to final 
baseline. Other studies have found similar results. For example, when the length 
of one leg is artificially extended with a platform attached to a shoe, adults 
increase step length with the longer leg but return to taking equivalent step 
lengths once the platform is removed.15 Adults have many years of experience to 
hone in on a typical walking pattern. Therefore, shifts away from the pattern of 
walking are often temporary unless an injury is present.16 Also, returning to 
original walking patterns is advantageous because it avoids permanently 
changing the existing pattern of walking for a constantly changing environment.  
 The participants in our tasks altered the kinematics of their walking when 
trying to meet task constraints. In other studies, adults have attempted to 
increase postural stability by increasing step width in the face of physical17 and 
environmental18 constraints. We tested healthy participants who had the 
wherewithal to pare down the modifications in their walking kinematics to 
changes that might maximize meeting a constraint (increasing step length) 
instead of changes that maximize postural stability (increasing step width). 
Maintaining postural stability can be secondary for adults who have the ability to 
recover from a loss of balance19. 
 Tasks that pose more than one constraint at the same time increase the 
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difficulty of achieving goals causing adults to sacrifice one constraint for 
another.20,21 For instance, when avoiding obstacles during a cognitive task, 
adults show increased rates of failure during crossing the obstacle.22,23 Our 
results match this assumption. Specifically, during Task 3 when asked to meet 
both the metronome and obstacle constraints, participants prioritized obstacle 
crossing over the metronome task. One limitation of this study is that we tested 
different participants across the three tasks rather than asking the same 
participants to complete all three tasks. In future studies, we hope to use a 
longitudinal design to examine within subject differences in adapting to varying 
external constraints. Obstacle crossing may have elicited a greater demand to 
maintain postural control than keeping pace with the metronome.24 Also, 
participants may have prioritized what they perceived to be the easier of the two 
tasks. Our obstacle heights were fixed.14 However, our metronome paces were 
individualized.20,25 The difficulty of meeting the metronome pace could have been 
more challenging than crossing fixed obstacle heights. 
  
Conclusions 
The challenge of adaptation increases when multiple constraints are 
present. The nature of the constraint yields different adaptive patterns such as 
changes in the kinematics or kinetics of walking. Our findings show separate 
walking strategies in adapting to spatial and temporal constraints. The presence 
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of more than one constraint leads to prioritizing one over the other (i.e., a spatial 
constraint over a temporal constraint). 
 
TABLES 
Table 1A. Demographics and anthropometric information for Task 1: Crossing an 
obstacle. Means are listed with standard deviations in parentheses. 
Characteristics Crossing an obstacle (N=30) 
Age (yr) 22.59 (3.01) 
Height (m) 165.62 (8.06) 
Body Mass (kg) 63.52 (12.48) 
BMI (kg/-.) 23.10 (3.98) 
 
Table 1B. Demographics and anthropometric information for Task 2: Walking to a 
beat. Means are listed with standard deviations in parentheses. 
Characteristics Walking to a beat (N=32) 
Age (yr) 22.97 (3.82) 
Height (m) 169.94 (9.55) 
Body Mass (kg) 66.07 (13.11) 





Table 1C. Demographics and anthropometric information for Task 3: Crossing 
obstacle to a beat. Means are listed with standard deviations in parentheses. 
Characteristics Crossing an obstacle to a beat (N=30) 
Age (yr) 23.07 (2.99) 
Height (m) 169.62 (10.50) 
Body Mass (kg) 68.77 (12.61) 
BMI (kg/-.) 23.8 (3.1) 
 
Table 2A. Means and standard errors from baseline condition (Task 1: Crossing 
an obstacle) 
  Initial Baseline   Final Baseline   
Cadence (steps/min)  117.485 (1.494)  117.847 (1.713)  
Step length (cm)  34.670 (0.768)  35.777 (0.582)  
Step width (cm)  7.418 (0.391)  6.960 (0.362)  
Double support time (msec)  105.87 (3.02)  100.64 (3.00)  





Table 2B. Means and standard errors from obstacle condition (Task 1: Crossing 
an obstacle) 
  Low Medium High  
Cadence (steps/min)  109.13 (1.54)** 103.99 (1.94)** 99.01 (1.93)**  
Step length (cm)  43.32 (1.07)** 45.83 (0.86)** 48.10 (0.79)**  
Step width (cm)  7.71 (0.43) 8.27 (0.42)* 8.46 (0.45)*  
Double support time 
(msec) 
93.29 (3.01) 97.30 (3.01) 110.35 (3.07)**  
*=p<.05, **=p<.01: Three different obstacle condition 
 





























































Table 3B. Means and standard errors from metronome condition (Task 2: 
Walking to a beat) 
  Slow   Normal   Fast   
Cadence (steps/min)  85.26 (1.65)**  112.21 (2.03) **  136.12 (2.41) **  
Step length (cm)  59.25 (0.97)**  63.99 (0.65) **  66.72 (0.98) **  
Step width (cm)  10.29 (1.7)**  11.11 (1.13) **  11.64 (1.79) **  
DS time (msec)  184.03 (5.11)**  127.03 (5.11) **  96.59 (5.02) **  







Figure 1. Maximal center of pressure (COP) velocity during baseline (A-1), 
intermediate baseline (B-1), and metronome (C-1) conditions for the stance and 
swing legs; Coefficient of variation (CV) of the maximal COP velocity during 





Figure 2. Maximal COP velocity during baseline (A-1), metronome baseline (B-1), 
and obstacle (C-1) conditions for the stance (trailing) and swing (leading) legs; 
CVs of the maximal COP velocity during baseline (A-2), metronome baseline (B-




STUDY 2: Changes in center of pressure velocities during obstacle crossing one 
year after bariatric surgery  
ABSTRACT 
Adults with obesity have atypical gait with poor balance leading to an increase in 
fall risk. After massive weight loss, their gait improves. However, we know little 
about changes in postural stability after massive weight loss. The present study 
aimed to examine how massive weight loss after Roux-en-Y bariatric surgery 
affected adjustments in center of pressure (COP) velocities during flat ground 
walking and obstacle crossing. Before and one-year post-bariatric surgery, 
nineteen female adults walked under four conditions: baseline walking on flat 
ground and obstacle crossing with three different obstacle heights for a total of 
20 trials. COP data were obtained from raw pressure time series data extracted 
from a gait carpet. Massive weight loss increased anteroposterior COP velocities 
under the midfoot of both trailing and leading legs (ps<.01) and decreased 
mediolateral COP velocities under the forefoot of trailing leg (p<.05). Decreased 
BMI from pre- to post-surgery was correlated with an increase in anterior-
posterior and decrease in medial-lateral COP velocities and with increased 
velocity (ps<.05). Massive weight loss not only improved gait but also facilitated 
effective balance control strategies. Examining how massive weight loss affects 
adjustments in COP velocity may help create ways to better understand why 
individuals with obesity have atypical gait with poor balance and how we can 




Obesity in the United States is a public health concern, resulting in 
numerous comorbid conditions including heart disease, stroke, type-2 diabetes, 
and certain cancers that may cause premature death.26 As of 2015–2016, 39.6% 
of U.S. adults aged 20 and older were classified with obesity (BMI ≥ 30 kg/m.), 
but the rates for adults aged 40+ and for women are higher (42.8% for adults 
aged 40–59 and 35.7% for adults aged 20–39; 41.1% for women and 37.9% for 
men, respectively).27 One common characteristic of individuals with obesity is 
atypical gait with poor balance, which increases susceptibility to falls, interferes 
with daily living activities, and decreases independence.2 In U.S. adults aged 45–
64, the chances of suffering from fall-related injuries are 15% for overweight (25 
kg/m2 ≤ BMI ≤ 29.9 kg/m2) to 79% for those with BMI over 40 kg/m2 compared to 
adults with normal BMI.28 Females are more likely to suffer a fall injury; the rates 
of fall-related injuries among females aged 45–64 were similar to males aged 65 
years or above.29 Thus, obesity and poor balance compound the risk of falls in 
this population. 
Bariatric surgery is a direct way to induce massive weight loss. U.S. adults 
with obesity have increasingly turned to surgery to lose weight. There were 
216,000 weight-loss surgeries performed in 2016, steadily increasing since 2011, 
with a marked increase of 10% from 2015 to 2016.30 Patients who undergo Roux-
en-Y gastric bypass (RYGB) surgery report nearly a 35% decrease in body 
mass.31 However, massive weight loss alone is not enough to eradicate fall risks. 
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In a study of 167 adults’ post-bariatric surgery, 20% fell two or more times after 
surgery.32 Continued fall risks may be due to residual deficits in balance that 
persist even after massive weight loss. This poses a question; is massive weight 
loss alone enough to improve balance, or do bariatric patients prioritize certain 
biomechanical parameters to detect and minimize the risk of falling? If so, do 
those parameters change after bariatric surgery? 
To date, a limited number of studies focus on changes in gait after 
bariatric surgery.33,34 Massive weight loss results in changes in gait measures 
that suggest an increase in walking speed and a decrease in the need to 
maintain postural stability: increases in gait velocity and step length and 
decreases in step width and double limb support time. Our recent work suggests 
that atypical gait linked with obesity is more obvious when meeting an external 
constraint such as obstacle crossing.35 In studies showing gait before surgery, 
adults with obese BMI (BMI ≥ 30 kg/m.) showed slower velocities, wider step 
widths, and more time in double limb support during obstacle crossing, compared 
to adults with normal BMI. After massive weight loss, patients improved all of 
those gait parameters. However, testing spatiotemporal gait characteristics may 
only reveal part of the story. For example, other work suggests that there is a 
correlation between BMI and plantar pressure under the midfoot in women with 
obesity during flat ground walking.36 Weight loss reduces peak mediolateral 
ground reaction force37 and peak plantar pressures.38,39 Moreover, a reduced 
fluctuation in mediolateral center of mass (COM) and lateral leg swing during 
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level walking after weight loss40 would have been expected based on a decrease 
in the mediolateral ground reaction force.  Also, the plantar pressures are all 
associated with an increase in balance.  
In the present study, we quantified postural stability by measuring the 
velocity of the center of pressure (COP): the velocity at which the central point of 
pressure distribution acting under the plantar surface of the foot travels. The 
COP velocity captures how quickly the body shifts over each foot during the 
walking cycle.41 The COP has been used as an index of postural stability in 
numerous studies focusing on obstacle crossing.42,43 Specifically, the rate of 
change of the COP is sensitive enough to detect how the motion of the body’s 
center of mass (COM) changes over a relatively small base of support provided 
by the feet.44 Thus, in this study, we examined COP velocity in a group of adults 
who experienced massive weight loss after bariatric surgery as they crossed 
obstacles of various heights. We hypothesized that the reductions in BMI would 
be associated with improvements in postural stability during flat ground walking 
and obstacle crossing and that improvements in postural stability would be linked 
with gait parameters. Based on the previous literature on the relationship 
between BMI and changes in spatiotemporal gait,30–37 we believed that massive 






Nineteen female adults undergoing bariatric surgery were recruited from 
weight management and bariatric surgery clinics at Boston Medical Center 
(BMC) and Massachusetts General Hospital (MGH) (Table 4). Study eligibility 
included being between 30–60 years old, having approval for bariatric surgery, a 
body mass index (BMI) ≥ 35 kg/m2, no hip, knee, and foot pain on most days 
during the past 30 days, the ability to speak and read English, the ability to 
comply with all study procedures and schedule, and the willingness to give 
informed consent. The study was approved by the Boston University Institutional 
Review Board and conformed to the Declaration of Helsinki. Informed written and 
verbal consent was obtained before testing began. 
 
Equipment 
Gait parameters were obtained using GAITRite Electronic Walkway 
(GAITRite Inc., Clifton, New Jersey, USA). The pressure-sensitive gait carpet 
(5.25 m long × 0.88 m wide) measured the distance (x and y coordinates) and 
timing of each footfall at a spatial resolution of 1.27 cm and a sampling frequency 
of 120 Hz. Obstacles were made of a wooden dowel (81 cm long and 2 cm in 
diameter) inserted into two wooden towers (25 cm high). Obstacle heights were 
changed by moving the dowel to one of three holes located in the towers. Each 
hole was positioned at 5 cm, 10 cm, and 20 cm to create low, medium, and high 
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obstacles respectively. The heights represented obstacles that participants might 




All subjects were tested one year apart in the Motor Development Lab at 
Boston University. Subjects were tested once before surgery and a year later to 
adapt to their new weight. Participants walked barefoot at a self-selected pace for 
a total of 20 trials under four conditions: baseline on flat ground with no obstacle 
and obstacle crossing with low (5 cm), medium (10 cm), and high (20 cm) 
obstacles. They began trials standing at the edge of the carpet, and ended trials 
a few steps after walking off of the carpet. Trials began and ended walking with 
verbal prompts from the experimenter (i.e., “Go” and “Stop”). For the baseline 
trial, participants walked on flat ground for five trials at their own pace. For the 
obstacle trials, participants stepped over obstacles in the middle of the path and 
walked to the end of the walkway five times (Figure 3). Obstacle height order was 
counterbalanced using a computer random number generator but obstacles were 
blocked by height. 
 
 Data Processing 
 The main dependent variables were gait velocity, step length, step width, 
single limb support (SS) time, double limb support (DS) time, and maximal center 
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of pressure (COP) velocity (how quickly maximum areas of pressure exerted 
beneath each foot moved during walking) for the trailing and leading foot while 
crossing obstacle. The COP velocity was classified into three sub-regions under 
the foot: hindfoot, midfoot, and forefoot. COP data were obtained from the raw 
pressure time series data extracted from the GAITRite software. Custom 
software written in MATLAB (R2018a, MathWorks, Natick, MA, USA) was used 
to process the COP displacement data in a single gait cycle (i.e., a stride) 
stepping before and after obstacle (Figure 3). Spatiotemporal gait parameters 
were computed with a set of the x- and y-coordinates of the COP from the heel to 
toe or from the timing of foot onsets to offsets on the carpet.  
 
Statistical Analyses 
 Statistical analyses were performed using SPSS (Version 24.0, SPSS 
Inc., Chicago, IL, USA). Descriptive statistics were obtained to characterize 
groups. The dependent variables with a normal distribution were expressed as 
means and standard deviations. A two-way ANOVA with repeated measures was 
used to determine the effects of surgical sessions (changes in BMI from pre- to 
post-bariatric surgery) from the first to the last visit, obstacle conditions (low, 
medium, and high obstacle heights), and their interaction on gait measures. 
Effect sizes were reported via partial eta squared after p-values, giving 0.01 
(small), 0.09 (medium) and 0.25 (large) effects. Post hoc analyses consisted of 
pairwise comparisons and were subjected to Bonferroni corrections. Pearson’s 
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correlation statistic was used to examine relationships between pre-test BMI and 
gait parameters and COP velocity, changes in BMI (difference score created by 
subtracting the post- and pre-surgery BMI scores) and gait parameter, and 
changes in BMI with COP velocities from pre- to post-surgery. Significance was 
set at ' < .05. 
 
RESULTS 
On average, BMI decreased by 24.76%. BMI pre- and post-bariatric 
surgery data were available for all participants (Table 4). There were main effects 
of surgical session on gait velocity (F(1, 144)=7.62, p<.01, 567=.05), step length 
(F(1, 144)=4.26, p<.05, 567=.03), step width (F(1, 144)=19.75, p<.01, 567=.12), 
and DS time (F(1, 144)=12.81, p<.01, 567=.11). One year after surgery, 
participants increased gait velocity and step length, and decreased step width 
and DS time (Table 5). There were main effects of obstacle condition on gait 
velocity (F(3, 144)=7.54, p<.01, 567=.14) and SS time for the trailing foot (F(3, 
144)=42.95, p<.01, 567=.47) and the leading foot (F(3, 144)=33.77, p<.01, 
567=.41). Participants increased their gait velocity and SS time for both trailing 
and leading foot, as the obstacle height increased (Table 6). There were main 
effects of surgical session on the velocity of COP in anteroposterior direction 
under the midfoot region of the trailing leg (F(1, 144)=11.45, p<.01, 567=.08) and 
leading leg (F(1, 144)=9.43, p<.01, 567=.06) and the velocity of COP in 
mediolateral direction under the forefoot region of the trailing leg (F(1, 144)=5.38, 
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p<.05, 567=.05). One year after surgery, participants increased the 
anteroposterior velocity of the COP under the midfoot region of both the trailing 
and leading leg and decreased the mediolateral velocity of the COP under the 
forefoot region of the trailing leg (Table 7).  
 Before surgery, BMI was not correlated with gait variables (all ps>.05), but 
it was correlated with anteroposterior velocity of the COP under the midfoot 
region of the trailing (r(19)=-.38, p<.01) and leading leg (r(19)=-.43, p<.01; Table 
8). After surgery, however, change in BMI from pre- to post-surgery (i.e., BMI 
difference score) was correlated with increased gait velocity (r(19)=-.34, p<.05), 
increased anteroposterior velocity of the COP under the midfoot region of the 
trailing (r(19)=-.50, p<.01) and leading leg (r(19)=-.39, p<.01), and decreased 
mediolateral velocity of the COP under the forefoot region of the trailing leg 
(r(19)=.33, p<.05; Table 8). One year after bariatric surgery, when patients 
pushed off the ground with the trailing leg, the more decreased mediolateral 
velocity of the COP was associated with decreased step width (r(19)=.26, p<.05; 
Table 8). When patients placed the leading leg across the obstacle and 
supported the entire body weight with one leg, higher increases in the 
anteroposterior velocity of the COP under the midfoot region of the trailing and 
leading leg were linked with increased step length (r(19)=.27, p<.05 and 
r(19)=.27, p<.05, respectively), increased gait velocity (r(19)=.23, p<.05 and 
r(19)=.40, p<.01, respectively), and decreased DS time (r(19)=-.34, p<.01 and 
r(19)=-.56, p<.01, respectively; Table 8). However, there were no main effects of 
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obstacle condition on velocities of COP from any region of the foot of both trailing 
and leading leg (all ps>.05). There was no interaction between the surgical 
session and obstacle condition on any of the dependent variables (all ps>.05). 
 
DISCUSSION 
In this study, we examined changes in flat ground walking and obstacle 
crossing before and one year after bariatric surgery. The results show that 
massive weight loss is associated with improvements in gait and adjustments in 
COP velocity during flat ground walking and obstacle crossing and that the 
weight loss effect on COP velocity is associated with spatiotemporal gait 
parameters.  
 Despite changes in gait and postural stability after bariatric surgery, only a 
few studies in the literature exist about biomechanical changes in this patient 
group. Our use of COP velocity was done with the understanding that COP acts 
as a representation of the path taken by foot pressure.38 Thus, as more pressure 
is loaded on the foot, the longitudinal arch and metatarsal heads become 
prominent during standing and walking, as has been previously demonstrated 
from peak pressure analysis. Previous studies found increased peak plantar 
pressure under the midfoot and forefoot in individuals with obesity. Compared to 
women with normal BMI, women with obesity displayed increases in pressure 
under the midfoot and forefoot during standing.33 A recent study also reported 
that massive weight loss after bariatric surgery resulted in decreased ground 
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reaction forces and decreased pressure in the forefoot during walking.35 
Pregnancy is another physiological state marked by an increase in body mass. 
For instance, pregnant women increased the mean peak pressure under the 
midfoot and forefoot during the late stages of pregnancy and returned to baseline 
after delivery.36 It is possible that foot pressure is affected differently in obesity 
due to the different distribution of weight in the body. However, recent work found 
no differences between pregnant women and overweight women according to 
midfoot pressure load.45 Even healthy young women when walking with 
additional bodyweight, up to 30% of their total body weight with a weighted vest, 
increase and subsequently decrease peak plantar pressure especially in the 
midfoot once the weight is removed.46 We believe that a decrease in midfoot 
peak pressure is non-trivial because it implies that there are some benefits to 
propulsion and smooth change in COP velocity, which may have an impact on 
gait velocity.  
 Our findings are supported by previous literature that assumes that 
decreased peak midfoot pressure is directly beneficial for propulsion. Decreased 
midfoot peak pressure implies decreased vertical and mediolateral ground 
reaction forces associated with reduced longitudinal arch collapse. This 
assumption is reinforced by previous findings of a negative correlation between 
plantar pressures and gait velocities, indicating reduced longitudinal arch 
collapse with higher gait velocities after weight loss.47 Our data suggest that foot 
pressure parameters may be important factors for determining spatiotemporal 
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gait characteristics following massive weight loss. In our current study, massive 
weight loss led to increased gait velocity and step length by increasing the 
anteroposterior velocity of the COP under the midfoot region of both the trailing 
and leading leg. That is, it is conceivable that the reduction in load on the 
longitudinal foot arch after massive weight loss may have allowed patients to 
propel the trailing leg ahead of the obstacle with a rapid forward transfer of the 
ground reaction force through the midfoot region and then step their leading leg 
across the obstacle with a longer step to propel the body forward. These findings 
are supported by the idea that increasing gait velocity is achieved by increasing 
both cadence and stride length,48,49 and increasing the anteroposterior velocity of 
the COP in the midfoot.50 
 In addition, massive weight loss is directly beneficial for postural stability. 
Wider steps and prolonged double limb support are risk factors for predicting 
falls.51,52 In a study of 597 older adults, step width and double limb support time 
were two of the best predictors of fall risk.48 In the present study, along with the 
decreased step width and double limb support time, bariatric patients decreased 
the mediolateral velocity of the COP, especially, under the forefoot of the trailing 
foot. Our findings suggest that after massive weight loss, patients not only reduce 
the load on their foot but also improve the ability to recover from a loss of 
balance by reducing the mediolateral COP velocity and step width by quickly 
altering kinematics when stepping over an obstacle. Given less fluctuations in the 
body’s COM and lateral leg swing after weight loss, reducing the load on the 
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metatarsal regions may lead to a decrease in the mediolateral COP velocity of 
the forefoot when pushing off the ground with the trailing leg. The leading leg can 
then be placed across the obstacle with a narrower step width to maintain 
postural stability. Evidence is available to support our findings. For example, the 
mediolateral GRF significantly decreased along with step width after weight loss, 
which was consistent with the results of our study in the context of the foot-
ground interaction between the ground reaction forces and its application points 
(i.e., COPs) within the base of support.34 Therefore, it is possible that the 
reduction in mediolateral COP velocity under the forefoot of the trailing leg stands 
out as being an important factor to transfer the COP from one foot to the next 
during obstacle crossing. In that sense, our findings provide novel and 
compelling evidence supporting the idea that COP velocity is indicative of a 
postural control strategy during gait.53 However, multiple factors contribute to 
balance strategies adults use to avoid falls.  
 To our knowledge, this is the first study to quantify adjustments in COP 
velocity when negotiating obstacles after massive weight loss. This study was 
limited to female adults due to the higher rate of females undergoing bariatric 
surgery in comparison to males.54 Another limitation is that we tested a relatively 
small number of patients with different rates or extents of weight loss. Lastly, 
additional work needs to be done to detect an underestimated mechanism of falls 





Massive weight loss is associated with improved gait and postural stability 
during obstacle crossing. COP velocity might be an appropriate parameter to 
identify dynamic balance control during gait. Examining how massive weight loss 
affects adjustments in COP velocity may help create ways to better understand 






Table 4. Demographics and anthropometric information. Means are listed with 
standard deviations in parentheses. 
Characteristics  Pre-Surgery (N=19)  1-Year-Post-Surgery (N=19)  
Age (yr)  44.16 (8.17)  45.16 (8.17)  
Height (cm)  165.31 (7.35)  165.31 (7.35)  
Body Mass (kg)  116.43 (16.89)  87.9 (20.74)  
BMI (kg/m.)  42.48 (4.63)  31.96 (6.19)  
 
Table 5. Means and standard errors from the surgical session. 
   Surgical Session  
   Pre 1-Year-Post P-value 
Velocity (cm/sec)   69.54 (1.77) 76.44 (1.77) p<.01 
SL (cm)   49.59 (0.67) 51.54 (0.67) p=.04 
SW (cm)   10.98 (0.36) 8.74 (0.36) p<.01 
SS time of trailing leg (sec)   0.55 (0.01) 0.53 (0.01) p=.27 
tDS time of trailing leg (sec)   0.20 (0.01) 0.16 (0.01) p<.01 
iDS time of leading leg (sec)   0.20 (0.01) 0.16 (0.01) p<.01 
SS time of leading leg (sec)   0.49 (0.01) 0.47 (0.01) p=.11 
SL: step length; SW: step width; iDS: initial double limb support; SS: single limb 
support; 




Table 6. Means and standard errors from obstacle condition  
 Obstacle Condition  
 No  Low  Medium  High  P-
value 























SS time of trailing leg 
(sec) 
0.38 (0.02) 0.51 (0.02) 0.57 (0.02) 0.68 (0.02) p<.01 
tDS time of trailing leg 
(sec) 
0.19 (0.01) 0.18 (0.01) 0.18 (0.01) 0.20 (0.01) p=.18 
iDS time of leading leg 
(sec) 
0.19 (0.01) 0.18 (0.01) 0.18 (0.01) 0.20 (0.01) p=.18 
SS time of leading leg 
(sec) 
0.38 (0.01) 0.46 (0.01) 0.51 (0.01) 0.58 (0.01) p<.01 
SL: step length; SW: step width; iDS: initial double limb support; SS: single limb support; 





Table 7. Means and standard errors of peak COP velocity in each sub-phase of 
the stance phase during obstacle crossing  
   Surgical Session  







Hindfoot (iDS) 88.21 (3.06) 90.72 (3.06) p=.56 
 Midfoot (SS) 33.21 (1.21) 38.90 (1.21) p<.01 
 Forefoot (tDS) 81.06 (2.60) 84.02 (2.60) p=.42 
COPVx  (cm/sec) Hindfoot (iDS) 24.41 (1.54) 23.83 (1.54) p=.79 
 Midfoot (SS) 5.83 (0.36) 6.36 (0.36) p=.30 
 Forefoot (tDS) 23.44 (1.66) 18.01 (1.66) p=.02 
COPVy  (cm/sec) Hindfoot (iDS) 83.22 (3.05) 85.60 (3.05) p=.58 
 Midfoot (SS) 32.30 (1.22) 38.12 (1.22) p<.01 







Hindfoot (iDS) 85.19 (3.15) 93.73 (3.15) p=.06 
 Midfoot (SS) 34.65 (1.09) 39.21 (1.09) p<.01 
 Forefoot (tDS) 85.76 (2.53) 86.12 (2.53) p=.92 
COPVx  (cm/sec) Hindfoot (iDS) 22.48 (1.30) 20.26 (1.30) p=.23 
 Midfoot (SS) 5.41 (0.36) 6.30 (0.36) p=.08 
 Forefoot (tDS) 24.55 (1.54) 25.15 (1.54) p=.78 
COPVy  (cm/sec) Hindfoot (iDS) 76.31 (3.44) 71.99 (3.44) p=.38 
 Midfoot (SS) 33.94 (1.08) 38.64 (1.08) p<.01 
 Forefoot (tDS) 82.59 (2.36) 79.45 (2.36) p=.35 
COPVxy: absolute velocity of the center of pressure; COPVx: mediolateral velocity of the 





Table 8. Correlations between pre-test BMI and gait variables indicated on the left side of the slash, and on the 
right correlations between changes in BMI and gait variables from pre- to post-surgery 
 BMI SL SW Velocity DS time COPVy,mid,trail COPVx,fore,trail COPVy,mid,lead 
BMI − -.02 / -.23 .16 / .05 -.06 / -.34* .01 / .26 -.38** / -.50** .10 / .33* -.43** / -.39** 
SL  − .02 / -.11 .73** / .78** -.51** / -.48** .38** / .27* -.16 / -.06 .36** / .27* 
SW   − -.13 / -.04 .39** / .26* -.19 / -.19 .07 / .26* -.27** / -.13 
Velocity    − -.82** / -.50** .68** / .23* -.11 / -.07 .63** / .40** 
DS time     − -.62** / -.34** .01 / .16 -.55** / -.56** 
COPVy,mid,trail      − -.02 / -.22 .65** / .39** 
COPVx,fore,trail       − -.23 / .01 
COPVy,mid,lead        − 
**p<.01; *p<.05 
SL: step length; SW: step width; DS time: double limb support time; COPVy,mid,trail: anteroposterior velocity of center of 
pressure under midfoot of trailing leg; COPVy,mid,lead: anteroposterior velocity of center of pressure under midfoot of 






Figure 3. Depiction of steps analyzed during obstacle crossing task. A) Sagittal 
view of walking for the leading foot (i.e., the first foot to cross the obstacle) and 
the trailing foot (i.e., the contralateral foot to cross the obstacle last): trailing leg 
(shaded in black), leading leg (shaded in grey). B) Top view (x-y plane) of the 
center of pressure (COP) trajectories of the trailing and leading leg during 
obstacle crossing: the hindfoot was defined from the point of initial contact until 
toe liftoff of the contralateral foot (i.e., initial double limb support, iDS, time), the 
midfoot as the series of points contacting one foot on the ground until the initial 
contact of the contralateral side (i.e., single limb support, SS, time), and the 
forefoot as the points of the push off from the ground until the toe is lifted (i.e., 
terminal double limb support, tDS, time)  
 
46 
STUDY 3: The effects of excessive body weight on whole-body angular 
momentum during steady-state walking 
ABSTRACT 
Individuals with obesity demonstrate deficits in postural stability during 
walking. However, in the presence of obesity, it is still an open question as to 
whether whole-body angular momentum during walking can be tightly regulated 
by modulating foot placement, despite greater mediolateral sway. In the current 
study, we examined whole-body rotational characteristics in adults with obesity 
by quantifying changes in angular momentum during steady-state walking. We 
calculated angular momentum directly from the ground reaction force and 
moment data to better capture the obese body’s rotational dynamics without 
having to solely rely on placing markers on anatomical landmarks. Thirty-nine 
young adults with different BMI walked barefoot at both their preferred speed and 
standard speed (1.25 m/s) on a treadmill for 2 minutes each. At preferred walking 
speed, adults with higher BMI walked slower with shorter step length, wider step 
width, and longer double support time. The range of the frontal plane and the 
transverse plane angular momentum were greater in adults with morbid obesity 
compared to adults with moderate obesity and normal weight at both walking 
speeds. Among quantities that contribute to the frontal and transverse plane 
external moments, the mediolateral moment arm and the vertical ground reaction 
moment were most affected by the extent of BMI and predominantly observed 
when both right and left foot push off the ground during periods of double support 
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over a gait cycle. Whole-body angular momentum in BMI groups did not change 
with speed. This suggests that the angular momentum during walking is quite a 
controlled variable. Our research provides novel and compelling evidence 
supporting the idea that a change in whole-body angular momentum is indicative 
of a postural control strategy during walking. An understanding of angular 
momentum and external moment components may potentially serve as valuable 




Individuals with obesity demonstrate deficits in postural stability during 
walking.55 One major contributor to postural instability in individuals with obesity 
includes greater mediolateral (ML) sway. Persons with obesity tend to have a 
greater ML displacement of the body’s center of mass (COM) during walking 
compared to controls with normal weight.56,57,58 Such an increase in ML COM 
sway may lead to poor regulation of angular momentum about the body’s COM, 
which is associated with a greater risk of falling while walking.59,60 Whole-body 
angular momentum has been used to capture whole-body rotational dynamics 
and assess balance control during walking in healthy young adults,61,62,63 older 
adults,64 post-stroke individuals,65 hemiparetic cerebral palsy,66 and 
amputees.67,68,69 However, whole-body rotational characteristics and impact on 




Whole-body angular momentum has been estimated mainly from 
kinematic data, which is the sum of individual segment angular momenta with 
respect to the body’s COM.62 This estimation allows us to understand why the 
whole-body angular momentum value stays small despite the individual segment 
angular momenta varies. The overall sum stays small as the momentum of one 
side of the body cancels out with the other side.62 However, a challenge lies in 
accurately comparing kinematic variables due to the large variability in 
anatomical marker placement in individuals with obesity. An accurate placement 
of anatomical markers would be difficult for obese individuals due to excessive 
body fat. Also, current body segment parameters (BSP) data, estimated based 
on a limited number of dissected male and female cadavers, cannot be regarded 
as representative BSP for obese individuals due to the wide range of differences 
in the distribution of body mass. We need a different approach to estimate the 
whole-body angular momentum that better represents the whole-body rotation 
data of obese populations.  
Alternatively, whole-body angular momentum has been estimated by the 
integration of the net external moment about the body’s COM, which is a function 
of the ground reaction forces (GRFs; caused by the push against the ground), 
vertical ground reaction moments (GRMs; produced by the twisting interactions 
between the foot and the ground), and foot placement. In steady-state walking, 
assuming angular momentum is a conserved quantity, GRFs and GRMs acting 
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on the feet are two primary factors that alter the angular momentum of human 
body system. Significant external forces and moments are inevitably produced by 
the interaction of the feet with the ground as a consequence of the transition from 
one stance leg to the next, which implies that angular momentum changes 
depending on the foot placement relative to the body weight distribution. 
However, in the presence of obesity, it is still an open question as to whether 
whole-body angular momentum during walking can be tightly regulated by 
modulating foot placement, despite greater ML sway.  
In this study, we examined whole-body rotational characteristics in adults 
with obesity by quantifying changes in angular momentum during steady-state 
walking. We calculated angular momentum directly from the GRFs and GRMs 
data to better capture the obese body’s rotational dynamics without having to 
solely rely on placing markers on anatomical landmarks. We hypothesized that 
whole-body angular momentum 1) would be greater in adults with higher body 
mass index (BMI), 2) would be highly regulated by foot placement, and 3) would 




 Thirty-nine young adults with three different BMI classification groups were 
recruited from the Boston University community and the Greater Boston area 
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(Table 9). Study eligibility included being between 18–35 years old, having no 
weight loss surgery, having no significant cardiovascular, vestibular, or other 
neurologic disorders, having no hip, knee, or foot pain on most days during the 
past 90 days, and having the ability to walk independently on a treadmill for over 
40 minutes. These criteria were confirmed via participant reports and 
experimenters’ observations. The study was approved by the Boston University 
Institutional Review Board and conformed to the Declaration of Helsinki. 
Informed written and verbal consent was obtained before testing began. 
Instrumentation 
 To measure each participant’s preferred walking speed, we used a 6.10 m 
long × 0.89 m wide pressure-sensitive gait carpet (Protokinetics, LLC; Peekskill, 
NY, USA; 120 Hz sampling frequency). A 10-camera motion capture system 
(Vicon Motion Systems, Oxford, UK; 100 Hz sampling frequency) was used for 
three-dimensional motion analysis. A total of 44 reflective markers were placed 
on the trunk and pelvis, and bilaterally on the lower extremities, along with rigid 
clusters of markers on the thighs and shanks.70 Ground reaction forces and 
moments were measured using the split-belt treadmill, which features two 
independent belts with full-length force plates (Bertec Corporation, Columbus, 
OH; 1000 Hz sampling frequency). 
Experimental Protocol 
 All participants walked barefoot throughout the experiment. Each 
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participant’s preferred walking speed was calculated by averaging walking speed 
for a total of 20 trials from the gait carpet. All participants then walked on a split-
belt treadmill at their preferred speeds and a standard speed, 1.25 m/s, for 2 
minutes each. The treadmill has bars on the front, left, and right sides to grab for 
safety, but participants were instructed not to hold the bars unless they felt 
unbalanced. 
Data Processing 
 Marker trajectories were labeled, and gaps were filled using Vicon Nexus 
(Oxford Metrics). We filtered marker and force data with a zero-phase lag fourth-
order Butterworth low-pass filter with a 6 Hz cut-off frequency for kinematic data 
and with a 10 Hz cut-off frequency for kinetic data. Heel-strike and toe-off times 
were identified when the vertical force crossed a threshold of 10 N. A participant-
specific, 8-segment hybrid model was created in Visual3D (C-Motion, Inc, 
Germantown, MD). The body segment parameters (mass, COM, and radius of 
gyration ratios) reported by De Leva (1996) were used in locating the whole-body 
COM.71  
Data Analysis 
Spatiotemporal gait measures 
 We defined walking speed as total step length divided by total step time. 
We calculated step length (m) as the product of step time (s) and treadmill belt 
speed (m/s). We defined step width (m) as the absolute difference in ML COP 
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position between the right and left foot at the heel strike. We defined double 
support time (s) as the period between heel strike and contralateral toe-off.  
Center of pressure combined (!"#$) 
For continuous monitoring of COP position, data from the two force plates 
were combined by summing the GRFs. Simulated single force plate COP 
position data were calculated by scaling the COP position of each force plate 
with the magnitude of its respective GRF: 




'      (1)  
Estimation of the body’s center of mass displacement (dCOM) 
 The body’s center of mass (COM) location was estimated from the sum of 
left and right ground reaction force data. A stride was defined as the interval 
between two successive points of the heel contract of the participants’ right feet. 
The COM displacement was determined through double integration over a single 
stride.72,73,74,75 First, the acceleration of the COM (aCOM) was calculated from the 
summed ground reaction forces, less body weight (i.e., mg), and divided by body 
mass, m: 
aCOM,	z =	 -FR, z +	FL, z.	/ mgm         (2) 
aCOM,	y = 
-FR, y +	FL, y.
m




-FR, x +	FL, x.
m
         (4)  
 COM acceleration was integrated numerically using the trapezoidal rule 
once to derive the COM velocity:       
vCOM =	 ∫ aCOM,	z ·	dt+ v0         (5) 




4           
where 56 is the integration constant of initial velocity in the mediolateral (ML), 
anteroposterior (AP), and vertical direction. The integration constant was 
determined by requiring the average COM velocity over a stride to be zero 
because net movement in any direction is, on average, small on a treadmill.76  
 COM displacement (dCOM) was found by integrating the velocity of the 
COM over a single stride: 
dCOM =	 ∫ vz,  COM 	·	dt 	+ d0        (6) 
where 76 is the integration constant of initial COM displacements in mediolateral 
(ML), anteroposterior (AP), and vertical directions. Since the integration 
constants were unknown, the integration could only produce changes in the COM 
location from steady-state, repeatable gait in which there is no net acceleration 
during walking on a treadmill. It was, therefore, necessary to simplify by 
assuming that the location of the COM between the beginning and the end of the 
gait cycle remained unchanged,75 and to set the initial location of the COM 
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estimated by the anthropometric and kinematic data from the motion capture 
measurements.  
External moment about the COM (M) 
 In the present study, we broke down the net external moment acting on 
the body into two moment terms representing different mechanisms: external 
moments about the COM and ground reaction moments about the vertical axis. 
The external moment about COM is the moment generated by the combined 
GRFs.77 The vertical ground reaction moment is the sum of the pivoting moment 
generated by individual GRFs about the combined COP and free vertical moment 
due to the direct torsional interaction between the foot and the ground (Equation 
7): 








































where => is the relative position of the combined COP to the COM, ?@ is the 
relative position of an individual foot COP to the combined COP, CIJ@ is the 
horizontal GRF (= CI@ +	CJ@), and CK@ is the vertical GRF. [CJK, CKI, CIJ] are the 
magnitudes of the combined GRF projected to the yz-plane, zx-plane, and xy-
plane, respectively, D@ is the vertical free moment acting on a foot. [7I, 7J, 7K] are 
the moment arms formed by the combined GRF with respect to the COM in the 
yz-, zx-, and xy-plane, respectively, while ?@ is the moment arm formed by a 
horizontal GRF with respect to the combined COP on the horizontal plane      
(Fig. 4).  
Whole-body angular momentum (H) 
We calculated the instantaneous whole-body angular momentum by the 
time integral of the external moment (Equation 8): 
R = S8 ∙ 7U + R6 










where RI, RJ, RK are angular momentum in the sagittal, frontal, and transverse 
planes, respectively. R6 is the integration constant of initial angular momentum in 
the mediolateral (ML), anteroposterior (AP), and vertical direction. The integration 
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constant was determined by requiring the average angular momentum over a 
stride to be zero. We then computed the range of angular momentum in all 
planes in order to obtain the extent to which the body rotates over the gait cycle. 
The increase in the range of angular momentum is reflected in the increase in 
whole-body rotation. In order to reduce data variance across study participants, 
angular momentum was represented in a dimensionless form using a 
normalization constant (kg∙m2∙s-1) that equals to the product of the participant’s 
mass (kg), preferred walking speed (m/s), and COM height (h). 
Statistical Analysis 
 We statistically compared outcome variables that captured the 
characterization of whole-body rotation during walking between different BMI 
groups. We compared spatiotemporal gait measures and angular momentum 
quantities in sagittal-, frontal-, and transverse-plane. Values for each outcome 
variable were averaged over the last 30 strides for each participant in each BMI 
group (normal weight vs. moderate obesity vs. morbid obesity). Statistical 
comparisons were made with one-way analysis of variance (ANOVA) for each 
variable. To test the effect of group and walking speed (preferred and standard), 
we performed two-way mixed ANOVA with BMI group as the between-subjects 
factor and walking speed as the within-subjects factor. Where differences were 
significant, post-hoc comparisons were performed using a Bonferroni adjustment. 
To identify quantities that were most strongly correlated with observed 
differences in angular momentum, Pearson correlation analyses were performed 
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between the range of angular momentum and biomechanical variables that were 
significantly different among BMI groups. All statistical analyses were performed 
at an alpha level of .05 using SPSS (Version 24.0, SPSS Inc., Chicago, IL, USA). 
 
Results 
At the preferred walking speed, adults with higher BMI scores walked 
slower with shorter step length, wider step width, and longer double limb support 
time compared to normal-weight controls (ps<.01; Table 10). However, there was 
no difference in single limb support time among BMI groups (p>.05).  
In the sagittal plane, there was no significant change in angular 
momentum among BMI groups (ps>.05; Figure 5a). We found that adults with 
morbid obesity did not have a different range in angular momentum in the sagittal 
plane compared to adults with moderate obesity and normal weight (ps>.05; 
Figure 5b). Sagittal-plane external moments did not vary consistently across BMI 
groups (ps>.05; Figure 5; Table 11). The range of the sagittal-plane angular 
momentum was not correlated with all components that contribute to the external 
moment on the COM in the sagittal plane (ps>.05; Table 11).  
In the frontal plane, significant differences in angular momentum were 
observed between BMI groups (Figure 5c). The range of frontal-plane angular 
momentum in adults with morbid obesity was 11% and 24% greater than adults 
with moderate obesity and normal weight, respectively (ps<.01; Figure 5d). 
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Frontal-plane angular momentum was strongly affected by the frontal external 
moment components resulting from the vertical and M/L moment arms and the 
vertical and M/L GRFs (Figure 6). All peaks of the frontal external moment 
components resulting from the M/L moment arm with vertical GRF and the 
vertical moment arm with M/L GRF increased as BMI increased (ps<.01; Table 
11). All peak external moment components were significantly correlated with the 
range of the frontal-plane angular momentum (ps<.01; Table 11). The M/L 
moment arm had the strongest correlation with the range of the frontal-plane 
angular momentum (r(38)=0.68, p<.01). 
In the transverse plane, significant differences in angular momentum were 
observed between BMI groups (Figure 5e). Over a gait cycle, the range of the 
transverse-plane angular momentum in adults with morbid obesity was 18% and 
27% greater than adults with moderate obesity and normal weight, respectively 
(ps<.01; Figure 5f). Transverse-plane angular momentum was strongly affected 
by transverse external moment components resulting from the A/P and M/L 
moment arms, the A/P and M/L GRFs, and additionally the vertical moment 
(Figure 6). All peaks of the transverse external moment components resulting 
from the A/P moment arm with M/L GRF, M/L moment arm with A/P GRF, and 
vertical moment increased as BMI increased (Table 11). These increases were 
predominantly found when both the right and left foot pushed off the ground 
during periods of both first and second double support over the gait cycle (Figure 
7). During push-off, adults with morbid obesity generated less of a propulsive 
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force and A/P moment arm, but greater vertical moment and M/L moment arm 
when compared to adults with moderate obesity and normal weight (ps<.01; 
Figure 7). The peaks of the A/P and M/L moment arms, the A/P GRF, and the 
vertical moment had strong correlations with the range of the transverse-plane 
angular momentum (Table 11). In particular, the peaks of the vertical moment 
had the strongest correlation with the range of the transverse-plane angular 
momentum (Table 11). 
To account for differences in speed between BMI groups, we compared 
angular momentum at participants’ actual speed against the imposed treadmill 
speed and focused our statistical analyses on actual speeds. Walking speed did 
not affect whole-body angular momentum in BMI groups (Figure 8). Differences 
in angular momentum among BMI groups were consistent across walking 
speeds, at comfortable (i.e., 1.25 m/s for normal weight; 1.16 m/s for moderate 
obesity; 1.04 for morbid obesity) vs. standard (i.e., 1.25 m/s for all BMI groups) 
speed (ps>.05; Figure 8). At both speeds, the range of angular momentum in the 
frontal- and transverse-plane were significantly higher for morbidly obese vs. 
moderate obese and normal-weight adults (ps<.01). In contrast, we found no 
group or speed differences in the range of sagittal-plane angular momentum 





Our experiment and analyses indicated that the angular momentum was 
greater in adults with a higher BMI. In particular, the range of the frontal- and 
transverse-plane angular momentum increased as BMI increased. However, 
there was no significant change in the sagittal-plane angular momentum during 
walking among BMI groups. This indicates that adults with obesity regulate 
anteroposterior angular momentum over a gait cycle. We found that increased 
range in the frontal- and transverse-plane angular momentum was associated 
with increased ML moment arm and concomitant vertical GRM. These increases 
were consistent in both preferred and standard walking speed. This indicates that 
whole-body angular momentum is independent from changes in speed. 
We found that the ML moment arm is the primary factor affecting 
increases in the range of frontal-plane angular momentum among BMI groups 
(Figure 7c). Among quantities that contribute to frontal-plane angular momentum, 
only the ML moment arm was affected by the extent of BMI. We interpret that the 
combination of supporting more weight on the legs and swinging a heavier leg 
causes an increased distance from the COM to the COP1 reflected by increased 
step width. Individuals with obesity becomes more unstable due to an increase in 
the range of the frontal-plane angular momentum caused by the increase in step 
width. This result is consistent with the previous studies. 68,78 Thus, a greater fall 
risk is related to a larger range in the frontal-plane angular momentum.  
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It is unclear whether the increased distance between the COM and the 
COP observed in adults with obesity represents an adaptive strategy to regulate 
the frontal-plane angular momentum for greater ML stability or merely reflects the 
greater girth of the thigh and trunk in this population. The widely accepted idea is 
that a greater step width may be adaptive, intuitively offering a wider base of 
support and greater ML stability during walking.79 However, the idea does not 
clearly explain why a wider step width increases the energetic cost of walking in 
individuals with normal weight17 and why a narrow step width in older adults is 
associated with higher fall risk.80 Even healthy young adults increase step width 
when balance is challenged by external perturbations.81 Moreover, walking with a 
fixed step width increases energetic cost and the variability of the COP 
trajectories during single support, indicating a more active ankle strategy.82 Step 
width variability rather than step width may be a better indicator of balance 
control during walking.79,83 It may be beneficial to conduct future examinations on 
step width variability among adults with varying BMI scores across a range of 
walking speeds to identify what contributes to frontal-plane angular momentum.  
In the transverse plane, angular momentum is controlled by the generation 
of two GRF components about vertical axis (AP GRF with ML moment arm and 
ML GRF with AP moment arm; Figure 6g, h, and i) and vertical ground reaction 
moment (Figure 6j, k, and l). Although substantial changes in the transverse-
plane external moment components is observed among BMI groups (Table 11), 
the net transverse-plane external moment about the COM is relatively small 
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(Figure 6i). This indicates that the external moment produced by the AP GRF 
(propulsive force) and the corresponding ML moment arm cancels out the other 
external moment produced by the ML GRF and the corresponding AP moment 
arm.  
We instead found that increases in the range of the transverse-plane 
angular momentum among BMI groups are primarily determined by the vertical 
GRM. As shown in Figure 6, adults with higher BMI generated a larger GRM 
about the vertical axis during push-off, while reducing a propulsive force (i.e., AP 
GRF) and attendant AP moment arm (Figure 7). This finding is supported by 
Messier et al. (1994) who found that obesity is related to a rear-foot pronation 
during push-off.84 The larger vertical GRM would likely create an imbalance 
about the body’s vertical axis, which would be not be beneficial as this may 
interfere with a smooth forward progression of the body during walking.85 Other 
evidence is available to support our finding. Almosnino et al. (2009) reported that 
the vertical GRM increases when walking with either an internally or externally 
rotated foot position.86 Furthermore, Rebula et al. (2017) showed that there is a 
significant covariance between lateral foot placement and external rotation during 
walking.87 In summary, greater lateral foot placement due to excessive body 
weight is speculated to lead to greater external foot rotation and vertical ground 
reaction moment, resulting in greater range of the transverse-plane angular 
momentum.   
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In the transverse plane, morbidly obese adults had a delayed and 
significantly high peaks of angular momentum during double limb support (Figure 
5c). At heel-strike of the right foot, the morbidly obese adults’ bodies turned 
toward the right (i.e., the body’s COM was rotated externally, represented as a 
negative value in Figure 6i) while the foot was also placed laterally and rotated 
externally (i.e., the net vertical GRM was represented as a negative value in 
Figure 6j). This made the body rotate in the forward direction producing larger 
positive momentum during first double limb support phase (Figure 5c). The same 
was true for the other side at the heel-strike of the left foot during the second 
double limb support phase, which produced a larger negative momentum. 
Throughout the gait cycle, morbidly obese adults did not appropriately time 
simultaneous movements of the arms and legs and generated unnecessary extra 
rotation. Further research is needed to investigate the effect of arm swing on 
transverse-plane angular momentum in adults with obesity, which may help 
improve the understanding of the role of the timing between arm and leg 
coordination in maintaining gait stability.  
Finally, adults with higher BMI had greater absolute GRF during walking at 
both preferred and standard speeds, but their GRFs were reduced when 
normalized to their body weight. Our vertical and ML GRF results are similar to 
research by Browning and Kram (2007) for class I and II obesity.88 They reported 
that peak vertical and ML GRFs normalized to body weight are similar between 
the obese and normal-weight individuals at various speeds (0.5–1.75 m/s). 
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Slower walking speeds selected by our participants with higher BMI may result in 
similar magnitudes of vertical and ML GRFs with normal-weight controls. 
However, for class III obesity we found that peak AP GRF normalized to body 
weight were smaller for the obese groups than the normal-weight controls at both 
preferred and standard speed (Figure 7a, e, and i).  
Limitations 
We acknowledge that our study has several limitations. First, we 
intentionally recruited participants who did not have comorbidities such as 
osteoarthritis, plantar fasciitis, or cardiovascular disease. Nevertheless, this study 
is limited by the fact that our participants could not be representative of the entire 
obese population due to common comorbidities associated with obesity. Second, 
the number of male participants with obesity that we tested was smaller than the 
number of females. Last, the model used in our study has a small deviation in the 
displacement estimation of the COM compared to the full-body maker set.89 
However, we successfully calculated the displacement of the COM using a 
double integration of the acceleration term with proper consideration for the 
integration constant. We chose the integration constant of the initial location of 
the whole-body center of mass from kinematic data, which has been frequently 





Our study provides novel and compelling evidence supporting the idea 
that a change in whole-body angular momentum is indicative of a postural control 
strategy during walking for adults with obesity. Our results suggest that adults 
with higher BMI scores increase fluctuations in angular momentum. This could 
lead to increased falls when balance is challenged by external perturbations. The 
understanding of angular momentum and external moment components may be 
a valuable identification metric for detecting atypical walking patterns and 





Table 9. Demographics and anthropometric information. Means are listed with 
standard deviations in parentheses. 
  BMI groups  
  NW (N=14) OB12 (N=13) OB3 (N=11)  
Age (yrs)  25.4 (2.80) 28.4 (3.27) 28.5 (3.51)  
Height (m)  1.72 (0.16) 1.69 (0.14) 1.69 (0.16)  
Weight (kg)  65.80 (5.32) 97.08 (5.52) 129.94 (6.01)  
BMI (kg/m2)  21.95 (2.17) 34.06 (3.21) 47.05 (6.32)  
Waist Circumference (cm)  78.2 (3.02) 108.2 (2.98) 132.3 (5.93)  
NW: normal weight; OB12: obesity class 1 and 2; OB3: Obesity class 3. 
 
Table 10. Means and standard errors of spatiotemporal gait measures from the 
BMI group. 
  BMI group  p 
   NW OB12 OB3   
Gait Speed (m/s)   1.25 (0.02) 1.16 (0.02) 1.04 (0.03)  < 0.01 
R Step Length (m)   0.64 (0.01) 0.60 (0.01) 0.56 (0.01)  < 0.01 
L Step Length (m)   0.64 (0.01) 0.61 (0.01) 0.56 (0.01)  < 0.01 
R Step Width (m)   0.17 (0.01) 0.19 (0.01) 0.23 (0.01)  < 0.01 
L Step Width (m)   0.16 (0.01) 0.19 (0.01) 0.23 (0.01)  < 0.01 
1st Double Support Time (s)   0.12 (0.01) 0.14 (0.01) 0.16 (0.01)  < 0.01 
1st Single Support Time (s)   0.39 (0.01) 0.39 (0.01) 0.38 (0.01)  0.08 
2nd Double Support Time (s)   0.12 (0.01) 0.14 (0.01) 0.16 (0.01)  < 0.01 
2nd Single Support Time (s)   0.39 (0.01) 0.39 (0.01) 0.38 (0.01)  0.28 
NW: normal weight; OB12: obesity class 1 and 2; OB3: Obesity class 3. 
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Table 11. Mean peak kinetic quantities that contribute to the external moment on 
the body’s center of mass in each plane.  
    BMI group  p  r 
    NW OB12 OB3     
Mx (ry × Fz) 1st  1.47 (0.03) 1.52 (0.03) 1.45 (0.03)  0.28  0.29 
  2nd  1.57 (0.04) 1.49 (0.04) 1.51 (0.04)  0.30  0.01 
 - (rz × Fy) 1st  -1.33 (0.04) -1.31 (0.04) -1.27 (0.04)  0.57  0.19 
  2nd  -1.41 (0.04) -1.29 (0.04) -1.32 (0.05)  0.10  0.31 
My (rz × Fx) 1st  0.76 (0.04) 0.78 (0.05) 1.01 (0.05)  < 0.01  0.53 
  2nd  -0.74 (0.05) -0.78 (0.05) -0.99 (0.06)  < 0.01  -0.52 
 - (rx × Fz) 1st  -0.82 (0.05) -0.96 (0.05) -1.20 (0.06)  < 0.01  -0.71 
  2nd  0.85 (0.05) 0.96 (0.05) 1.17 (0.05)  < 0.01  0.71 
Mz (rx × Fy) 1st  -0.13 (0.01) -0.14 (0.01) -0.16 (0.01)  0.03  -0.57 
  2nd  0.14 (0.01) 0.15 (0.01) 0.17 (0.01)  0.03  0.59 
 - (ry × Fx) 1st  0.13 (0.01) 0.16 (0.01) 0.19 (0.01)  < 0.01  0.55 
  2nd  -0.13 (0.01) -0.15 (0.01) -0.19 (0.01)  < 0.01  -0.51 
 τVWX 1st  -0.18 (0.01) -0.21 (0.01) -0.27 (0.01)  < 0.01  -0.81 
  2nd  0.20 (0.01) 0.23 (0.01) 0.25 (0.01)  < 0.01  0.65 
 τY 1st  -0.09 (0.01) -0.10 (0.01) -0.11 (0.01)  0.13  -0.33 
  2nd  0.13 (0.01) 0.17 (0.01) 0.21 (0.01)  < 0.01  -0.68 
 τZ 1st  -0.13 (0.01) -0.17 (0.01) -0.25 (0.01)  < 0.01  -0.82 








Figure 4. Human walking model viewed from the sagittal, frontal, transverse 
plane. Sagittal-, frontal-, and transverse-plane angular momentum was defined 
about the x-, y-, and z-axis, respectively. For clarity, the upper row of figures 
shows the external moment components observed in sagittal plane (a), frontal 
plane (b), and transverse plane (c). The lower row of figures indicates the 
resolution of the external moments into two terms generated by the GRFs (d, e, 
& f) and the vertical GRMs (g). In the external moment components generated by 
GRFs, the relative position vector of the combined COP to the body’s COM 
serves as the moment arms of the force components. We present dx,y,z as the 
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moment arm or perpendicular distance from the COM to the GRF vector in each 
plane to visualize the moment arms in the 3-dimensional space (a, b, & c). In the 
external moment components generated by the vertical GRMs, the horizontal 
GRFs about the combined COP (i.e., pivoting moment) was added to the foot 
contact moment acting directly on the feet (i.e., free moment). In all planes, 





Figure 5. Whole-body angular momentum (left) and corresponding peak ranges 
(right). The mean, normalized whole-body angular momentum is plotted about 
three dimensions over a gait cycle for three BMI groups (a, c, & e). Units are 
dimensionless, using body mass (kg; m), preferred walking speed (m/s; v), and 
COM height (m; h) as normalizing factors (mvh). The mean range of the angular 
momentum (peak-to-peak value) for each BMI group is shown with error bars (b, 
d, & f). Dark grey, normal weight (NW); dark green, moderate obesity (OB12); 




Figure 6. The components that contribute to the external moment about the 
body’s center of mass in each plane are shown over the gait cycle. There are 
four components for sagittal- and frontal-plane and five components for 
transverse-plane. The net external moment, which equals the time rate of change 
in whole-body angular momentum, is shown in the left column. external moment 
produced by the M/L GRFs and the corresponding A/P moment arm. The net 
vertical ground reaction moment is produced by the twisting interactions between 
both feet and the ground (j). Individual moments (k and l) produced by the front 
(push-off) and rear (heel-strike) foot acts in the same direction to counteract the 
moment produced by the horizontal forces about the body’s vertical axis. 
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Contributions all components are shown in the right column. In the figure h, the 
dotted lines indicate (=J × CI), while the thick lines indicate (=I × CJ). The peak 
values of these components were compared in the statistical analysis. Dark grey, 






Figure 7. The mean, normalized AP GRFs and AP/ML moment arms are plotted 
about three dimensions over a gait cycle for three BMI groups (a, e, & i for GRFs; 
c & g for moment arms). The mean peak values for each BMI group are shown 
with error bars (b, f, & j for GRFs; d & h for moment arms). Figure k shows the 
COP profile relative to COM measured during treadmill walking. Detection times 
were represented by circles. The size of circle increases in order of right heel-
strike, left toe-off, left heel-strike, right toe-off, and the subsequent right heel-
strike. Figure l shows the mean distance between COM and COP in the AP and 
ML direction. Dark grey, normal weight (NW); dark green, moderate obesity 




Figure 8. Effects of walking speed on step length (a), step width (b), double 
support time (c), the range of the normalized angular momentum in the sagittal 
(d), frontal (e), and transverse (f) plane. The mean values for each BMI group are 
shown with error bars. Dark grey, normal weight (NW); dark green, moderate 





This thesis explored gait, stability, adaptation, and fall risks focused on 
people who have mobility limitations due to excessive body weight, with an eye 
towards using this information to improve rehabilitation tools that help improve 
functional ability and promote independent mobility for the obese population. An 
important theme running throughout all of these chapters is the effect of 
excessive body weight on gait stability and adaptation during walking. We found 
important and somewhat surprising differences by using a comprehensive set of 
methods and multiple levels of tasks such as obstacle crossing, metronome 
walking, and split-belt treadmill walking. 
Humans actively modulate stepping patterns to adapt to changes during 
walking. We found that young adults with normal weight show separate stepping 
strategies in adapting to spatial and temporal constraints. When walking to an 
audio metronome beat, young adults stepped sooner than the beat at the slow 
pace, and they stepped later than the beat at the fast pace. However, when 
crossing obstacles while walking to metronome beat, they stepped sooner than 
the beat at all metronome paces. The presence of more than one constraint 
leads to prioritizing one over the other (i.e., a spatial constraint over a temporal 
constraint). These findings highlight that strategies for meeting constraints are 
dependent upon the type and number of constraints presented.  
Bariatric surgery is a direct way to induce massive weight loss, and there 
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is some indication that it could lead to changes in foot placement relative to the 
body. We found that massive weight loss not only improves gait but also 
facilitates effective balance control strategies by adjusting the velocity of the 
center of pressure when stepping over obstacles. After massive weight loss, 
during obstacle crossing, patients increased walking speed and step length by 
increasing the anteroposterior velocity of the COP and decreased step width and 
double support time by decreasing the mediolateral velocity of the center of 
pressure. Examining how massive weight loss affects adjustments in COP 
velocity may help create ways to better understand why individuals with obesity 
have atypical gait with poor balance. 
Although we confirmed that obesity is associated with impaired postural 
control and altered spatiotemporal gait, whole-body rotation characteristics and 
their impact on postural stability during walking in adults with obesity are not fully 
understood. We found that the range of the frontal- and transverse-plane angular 
momentum were greater in adults with morbid obesity compared to adults with 
moderate obesity and normal weight. Among quantities that contribute to the 
frontal and transverse plane external moments, the mediolateral foot placement 
and the vertical ground reaction moment were most affected by the extent of BMI 
and predominantly observed when both right and left foot pushes off the ground 
during periods of double support over a gait cycle. Whole-body angular 
momentum in BMI groups did not change with speed. This suggests that the 
angular momentum during walking is a variable that is controllable. 
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This thesis provides novel and compelling evidence supporting the idea 
that foot placement relative to the body is indicative of a postural control and 
adaptation strategy during walking. Our results suggest that adults with higher 
BMI have atypical gait patterns with larger trunk fluctuations, which leads to 
increased falls. A better understanding of spatiotemporal gait measures and 
angular momentum may potentially serve as valuable identification metrics for 
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